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Abstract

It is not feasible to define very small or complex organs and tissues in the
current voxel-type adult reference computational phantoms of the International
Commission on Radiological Protection (ICRP), which limit dose coefficients
for weakly penetrating radiations. To address the problem, the ICRP is
converting the voxel-type reference phantoms into mesh-type phantoms. In
the present study, as a part of the conversion project, the micrometer-thick
target and source regions in the alimentary and respiratory tract systems as
described in ICRP Publications 100 and 66 were included in the mesh-type
ICRP reference adult male and female phantoms. In addition, realistic lung
airway models were simulated to represent the bronchial (BB) and bronchiolar
(bb) regions. The electron specific absorbed fraction (SAF) values for the
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alimentary and respiratory tract systems were then calculated and compared
with the values calculated with the stylized models of ICRP Publications 100
and 66. The comparisons show generally good agreement for the oral cavity,
oesophagus, and BB, whereas for the stomach, small intestine, large intestine,
extrathoracic region, and bb, there are some differences (e.g. up to ~9 times
in the large intestine). The difference is mainly due to anatomical difference
in these organs between the realistic mesh-type phantoms and the simplified
stylized models. The new alimentary and respiratory tract models in the mesh-
type ICRP reference phantoms preserve the topology and dimensions of the
voxel-type ICRP phantoms and provide more reliable SAF values than the
simplified models adopted in previous ICRP Publications.

Keywords: specific absorbed fraction, alimentary tract system, respiratory
tract system, ICRP reference phantom, mesh phantom, Monte Carlo

(Some figures may appear in colour only in the online journal)

1. Introduction

In the 2007 Recommendations, the International Commission on Radiological Protection
(ICRP) adopted adult male and female reference computational phantoms for calculation of
reference dose coefficients (ICRP 2007). The ICRP adult reference phantoms are described
in ICRP Publication 110 (ICRP 2009). These phantoms are constructed from the whole-body
computed tomography (CT) images of a male and female patient with external dimensions
close to the reference size of ICRP Publication 89 (ICRP 2002). They consist of a large num-
ber of volume elements (i.e. voxels) of dimension of 2.137 x 2.137 x 8 mm? for the male and
1.775 x 1.775 x 4.84mm? for the female. Although representing the human anatomy more
realistically than the mathematical (or stylized) phantoms, the ICRP-110 reference phantoms,
due to their limited voxel resolutions, have limitations in representing small or complex organs
and thin tissues such as the lens of the eye, skeletal tissues, and a basal layer of the skin. These
limitations eventually could induce problems in dose coefficient calculation particularly for
weakly penetrating radiation.

For example, the voxel-type ICRP-110 phantoms cannot include the tens-of-micrometer-
thick radiosensitive target and source regions of the alimentary and respiratory tract sys-
tems as prescribed in ICRP Publication 100 (ICRP 2006) and Publication 66 (ICRP 1994),
respectively. For exposures of the ICRP-110 phantoms, therefore, doses for these organs are
approximated by averaging the absorbed dose over the entire volume of an organ, instead
of over the thin target region. Although this approximation provides reliable doses for most
highly-penetrating radiation (e.g. photons and neutrons), it is no longer reliable for weakly-
penetrating radiation (e.g. beta and alpha particles) which shows very high dose gradient in
medium. Acknowledging this limitation, the ICRP additionally used a total of 11 stylized
models (ICRP 1994, 2006, 2015, 2016) to calculate charged-particle specific absorbed frac-
tions (SAFs) for the alimentary and respiratory tract organs. In the stylized models, the ali-
mentary and respiratory tract organs were simplified to mathematical shapes such as a sphere
or a cylinder, including the thin target and source regions. Although the separate use of the
stylized models, in addition to the ICRP-110 phantoms, at least enabled the calculation of
SAFs for the alimentary and respiratory tract systems considering the thin target and source
regions, this approach leads to other issues: inherent inconsistencies in dose coefficients due
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to the use of different models for different radiation types and more complicated calculation
process. Moreover, the stylized models, which are technically impossible to be installed in the
voxel-type ICRP-110 reference phantoms, cannot be used for the calculation of crossfire dose,
i.e. the dose contribution to the thin target of the respiratory or alimentary tract organs result-
ing from decay of radionuclides located in other organs and, vice versa, the dose contribution
from decay of radionuclides located in the thin source regions of the respiratory and alimen-
tary tract systems to other target regions.

In order to address the aforementioned limitations and others of the voxel-type ICRP-
110 reference phantoms in dose-coefficient calculations, the ICRP recently formed a Task
Group (i.e. Task Group 103) to convert the voxel-type ICRP-110 reference phantoms into a
high-quality mesh format. The objectives of the conversion project are to convert the voxel-
type ICRP-110 reference phantoms into a high-quality mesh format faithfully preserving the
original anatomical structures of the ICRP-110 phantoms and also to add all fine structures
including the thin target and source regions of the alimentary and respiratory tract systems
of the converted phantoms. The success of the project will provide a single set of mesh-type
ICRP reference phantoms that can be used to calculate all the necessary dose coefficients for
both external and internal exposures.

As a part of the conversion project, in the present study, the thin target and source regions
of the alimentary and respiratory tract organs were modeled in the mesh-type ICRP refer-
ence phantoms, following the morphometric data given in ICRP Publication 89 (ICRP 2002),
Publication 100 (ICRP 2006), and Publication 66 (ICRP 1994). Realistic lung airway models
were also generated to represent the bronchial (BB) and bronchiolar (bb) regions in the phan-
toms. Then, the mesh-type phantoms with the thin target and source regions were used to cal-
culate electron SAF values for the alimentary and respiratory tract organs, and the calculated
values were compared with the values calculated with the stylized models described in ICRP
Publication 100 (ICRP 2006) and Publication 66 (ICRP 1994).

2. Material and methods

2.1. Mesh-type ICRP adult reference phantoms

The present study defined the target and source regions in the alimentary and respiratory tract
organs of the mesh-type ICRP reference adult phantoms under development (figure 1). Most
of the organs of the mesh phantoms were constructed by directly converting the ICRP-110
voxel models into a high-quality polygon-mesh (PM) format via 3D surface rendering and
several refinement processes by using several 3D programs. The complex organs, which can-
not be directly converted to high-quality PM models, were constructed by modeling methods
(Nguyen et al 2015, Kim et al 2016, Yeom et al 2016a). For example, a detailed eye model
of Behrens et al (2009) adopted in ICRP Publication 116 (ICRP 2010) was produced in a
PM model and incorporated into the mesh phantoms (Nguyen et al 2015). The lymph nodes
were generated in the mesh phantoms by using a modeling approach based on the lymph node
data established to generate lymph nodes in the UF/NCI family phantoms (Lee et al 2007,
Kim et al 2016). The organs that have not been yet constructed were temporally filled with
residual soft tissue (RST) (Lee ef al 2007, Kim et al 2011, Yeom et al 2013). All of the alimen-
tary tract organs in the mesh phantoms were directly converted from the ICRP-110 reference
phantoms with the only exception of the small intestine. The small intestine was constructed
by using a dedicated modeling method developed by Yeom et al (2016b) and installed in the
mesh phantoms. For the respiratory tract organs, the exterior boundaries of the lungs and the
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Figure 1. Voxel-type ICRP-110 reference computational phantoms (left) and mesh-
type ICRP reference computational phantoms under development (right).

extrathoracic (ET) region in the mesh phantoms were also directly converted from the ICRP-
110 phantoms.

2.2. Definition of target and source regions in alimentary tract organs of mesh phantoms

Based on the morphometric data provided in ICRP Publication 100 (ICRP 2006), the target
and source regions of the alimentary tract organs were defined in the mesh-type ICRP refer-
ence phantoms. For all organs except for the oral cavity (i.e. oesophagus, stomach, small
intestine, and large intestine), the target and source regions were defined mainly using the
offset function of Rapidform software (INUS Technology Inc., Korea). This function is used
to shrink or enlarge a mesh model in the normal vector directions of the facets in the mesh,
which allows for the creation of surfaces to define the tens-of-micrometer-thick target and
source regions at a specific depth from the surface of the lumens.

For the oral cavity, which is geometrically more complicated than the other alimentary
tract organs, the target and source regions were defined using several functions of Rapidform
software (i.e. offset, divide, and thicken). Two source regions were defined: source in food (or
liquid) and source retained on the surface of the teeth. The food as potential source with vol-
ume of 20cm? should be placed on the tongue, but in the ICRP reference phantoms, there is
no space to define the food; therefore, the tongue was divided into upper and lower part using
the divide function, and then, only for the purpose of SAF calculation, it was assumed that
the upper part is the food region. The teeth-retained radionuclides were defined by adding a
10 pm layer on the surface of the teeth using the thicken function. The target layer in the oral
mucosa was defined in three parts: tongue, roof of mouth, and lip and cheek. The target layer
in the tongue was modeled at a depth of 190-200 pm from the bottom surface of the food by
using the offset function. The target layer in the roof was modeled by defining a 10 pm layer
at a depth of 190 pm from the top surface of the food using the offset and thicken functions.
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Similarly, the target layer in the lip and cheek was modeled by defining a 10 pm layer at a
depth of 190 pm from the surface of the outer part of the retained source regions.

The reference value for the oesophageal content is not given in ICRP Publication 89 (ICRP
2002); thus, the ICRP-110 reference phantoms do not include the oesophageal lumen, and
calculation of SAFs for the oesophagus as source region is not possible. In the present study,
therefore, we added the lumen in the oesophagus, assigning the same volume as the ICRP-100
stylized models (male: 22.0 cm? and female: 20.4 cm?). For this change, both the length and
diameter of the oesophagus had to be increased by ~0.3 cm, its total volume being increased
by ~1.5 times, for both the male and female phantoms, which we believe would not signifi-
cantly affect dose calculation for highly penetrating radiations. This process resulted in the
reduction of RST, keeping the total body weight unchanged.

Figure 2 shows some examples of the target regions defined in the alimentary tract organs
of the male phantom. Tables 1 and 2 provide detailed information on the source and target
regions of the alimentary tract organs modeled in the present study, along with the data of the
ICRP-100 stylized models and ICRP-89 reference data.

2.3. Definition of target and source regions in respiratory tract organs of mesh phantoms

Based on the morphometric data provided by ICRP Publication 66 (ICRP 1994), the target
and source regions were also defined in the respiratory tract organs, i.e. extrathoracic (ET| and
ET),), bronchial (BB), bronchiolar (bb), and alveolar-interstitial (AI) region of the mesh-type
ICRP reference phantoms. For the ET; and ET,, present in the ICRP-110 reference phantoms,
the target and source regions were defined using the offset function following the same method
used for the alimentary tract organs.

The Al was not defined separately but simply considered as the lungs except for the BB and
bb regions in the mesh phantoms, taking into account the statement of the ICRP Publication
66 (ICRP 1994): “(313) In the Al region, the interalveolar septa and the walls of blood and
lymphatic capillaries are sufficiently thin to ensure that sensitive target cells are distributed
homogenously throughout the tissue mass. Therefore, it can be assumed that the average dose
received by the target cells is the same as that received by the whole tissue mass’.

The main BBs (=generation 1) in the ICRP-110 phantoms were distinguishable and thus
were directly converted to the PM format, after which the target and source regions were
defined using the offset function. For construction of the rest generations (i.e. airway genera-
tions 2—-8) of the BBs and the all generations of bbs (i.e. airway generation 9-15), a dedicated
computer program was developed based on a branching generation algorithm (Tawhai er al
2000). Figure 3 shows a flowchart of the developed program. The program first imports the
phantom data: the lung PM model, the starting point, and the diameters and lengths of each
branch generation. Then, a large number of points (=10°) are randomly generated in the lung
PM model and a centroid is calculated by averaging the coordinates of the points. A branch-
center line is then generated from the starting point toward the centroid and the length is ran-
domly determined but larger than the diameter and less than the length of the segment defined
by the starting point and the centroid. For the next airway generation, the space of the lung PM
model is divided by using the imaginary plane containing the centroid and the mother branch-
center line. Again, a centroid of the divided space is calculated by averaging the coordinates of
the points within the space and a branch-center line is generated from the ending point of the
mother branch-center line toward the centroid. This procedure is repeated until the total length
for each generation reaches the reference value (ICRP 1994). Note that the branch candidates,
overlapped with the previously generated branches or the boundary of the lung, are rejected.
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Figure 2. Target and source regions defined in alimentary tract of male phantom: oral
cavity (upper) and large intestine (lower).

Table 1. Masses of source regions of alimentary tract organs of mesh-type ICRP
reference phantoms and ICRP-100 stylized models; for comparison, the ICRP-89
reference data are also shown.

Mass (g)
Male Female
Alimentary Source ICRP- ICRP- ICRP ICRP-
tract organ region 100 Mesh 89 100 Mesh 89
Oral cavity Food 20.0 208  — 20.0 208 —
Retention 0.043 0.043 — 0.043 0.036 —
on teeth
Oesophagus Contents 22.0 229  — 204 212 —
Lumenal — — — — — —
surface
Stomach Contents 175.0 250.0 250 175.0 230.0 230
mucosa 4.6 9.8 — 4.6 79  —
Small intestine  Contents 879.6 350.0 350 816.8 280.0 280
Villi 85.8 533 — 796 444 —
Mucosa 35.5 226 — 33.0 18.8 —
Right colon Contents  961.3 150.0 150 848.2 160.0 160
Mucosa 19.3 76 — 17.0 8.8 —
Left colon Contents 746.1 75.0 75 687.2 80.0 80
Mucosa 18.0 6.0 — 16.6 56 —
Rectosigmoid  Contents  268.6 75.0 75 2474  80.0 80
Mucosa 10.9 4.8 — 10.0 4.5 —
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Table 2. Target regions of alimentary tract organs of mesh-type ICRP reference
phantoms and ICRP-100 stylized models.

Mass (g)
Male Female
Target region  ICRP- ICRP-
Alimentary tract organ  depth (um) 100 Mesh 100 Mesh
Oral cavity 190-200 0.23 0.131 0.23 0.099
Oesophagus 190-200 0.091 0.102 0.085 0.097
Stomach 60-100 0.62 1.297 0.62 1.048
Small intestine 130-150 3.568 2.271 3.313 1.895
Right colon 280-300 1.294 0.513 1.142 0.590
Left colon 1.208 0.409 1.112 0.381
Rectosigmoid 0.730 0.324 0.672 0.307

This rejection is inevitable to avoid the overlapping problems but rarely occurs in the early
generation branches, generating a sufficiently complex tree structure.

Next, the generated branch-center lines were used to construct the airway models in a
constructive solid geometry (CSG) format, which are based on an inverted Y-shape model as
shown in figure 4. The inverted Y-shape model is represented as a union geometry of spheres
and truncated cones. The spheres are located at the end of the branch-center lines and their
diameters correspond to the branch diameters for each generation. The truncated cones are
located between the mother and daughter spheres. The upper and lower diameters of the trun-
cated cones are automatically determined to be tangent to both spheres. The use of the inverted
Y-shape model not only makes it possible to connect the surfaces of all of the branches but
also to define the micrometer-thick target and source layers, simply changing the sphere diam-
eters (i.e. branch diameters) (Lazaro 2011).

Note that the airway generation algorithm developed in the present study relies on a ran-
dom process, and different runs of this algorithm will produce different airway tree models,
resulting in different SAF values. The differences are, however, expected to be marginal con-
sidering that due to the nature of the algorithm, the airway branches tend to be homogeneously
distributed within the lungs.

Figure 5 shows the airway model produced in the lungs of the male PM phantom along
with the original voxel model of the ICRP-110 male phantom. It can be seen that the airway
models of the PM phantoms significantly improve the anatomical realism of the complex
tree structure as compared to those of the voxel phantoms, at the same time representing the
thin target and source layers correctly. Table 3 shows the total length of branches for each
generation for the constructed airway models along with the reference values. It can be seen
that both values are in good agreement; that is, the discrepancies are less than 10% for all
generations.

Table 4 compares the target masses of respiratory tract organs of the PM phantoms with
those of ICRP-66 stylized models. For the ET| and ET,, the target-mass differences were
almost 40% and 80%, respectively. The significant differences are again due to the differ-
ence in the ET shapes between the PM phantoms and the stylized models, more specifically
the inner surface areas which determine the target masses. For the BB and bb, on the other
hand, the target-mass differences were much less significant, i.e. within the range from 11%
to 23%. It can be also seen that the target masses of the PM phantoms tend to be smaller than
those of the stylized models. This tendency of the PM phantoms would be more reasonable,
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START

Loading Initial Data

OUTERMOST GEOMETRY: polygon-mesh lung model data
INITIAL POINT: Start point of the uppermost generation

TARGET LENGTH: Sum of reference lengths for each generation
DIAMETER: The outermost diameter of each generation

¥

Generation of Random Points
Generate a lot of random points in the lung model

v

Determining Dividing Planes
Find the center of mass and determine the dividing planes

v ¢

Determining Branch Length
Randomly determine the fractional ratio for every branching

—

Yes
e
Yes
| GEN = GEN + 1 |
¢ ud
Yes

Export Center Line

Export the end points of branches
as ASCII file

Figure 3. Flowchart of the developed program for generation of center lines of lung
airways.

considering that the overlaps of the mother and daughter branches are considered in the devel-
oped PM phantoms but not in the ICRP-66 cylindrical models.

2.4. Monte Carlo simulations

Monte Carlo radiation transport simulations were performed to calculate the electron SAF
values for the alimentary and respiratory tract systems of the mesh-type ICRP reference phan-
toms including the thin target and source regions in the alimentary and respiratory tract sys-
tems. Then, the calculated SAF values were compared with those calculated by using the
ICRP-100 and ICRP-66 stylized models in order to investigate dose differences caused by
the different topology and dimension of the alimentary and respiratory tract systems between
the mesh phantoms and the stylized models. For the simulation, the Geant4 code (ver. 10.01)
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Figure 4. Inverted Y-shape model in the constructive solid geometry (CSG) format.
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Figure 5. Lung voxel model (left) and lung PM model (right) for the male phantom.

(Agostinelli et al 2003) was used. To improve the computation speed, the mesh phantoms of
the PM format were converted to the tetrahedral-mesh (TM) format using the 7etGen code
(Si 2015) and the converted phantoms were implemented in Geant4 using the G47et class
(Yeom et al 2014). Moreover, the ICRP-100 and ICRP-66 stylized models were implemented
in the Geant4 code using the G4Tube and G4Sphere classes.

Note that the CSG-format airway models developed in the present study need to be con-
verted to the PM format for incorporation into the PM phantoms. For this, however, a large
number of polygonal facets, eventually tetrahedrons, would be necessary to represent the air-
ways, requiring a huge memory consumption (>~50 GB), which is, at least at this point,
impractical. Therefore, in the present study, the mesh phantoms were overlaid with the CSG
lung airways in the Geant4 code by using G4VUserParallelWorld class, which is used for
implementation of hierarchically-overlapped multiple geometries called ‘parallel geometries’
(Apostolakis et al 2008). Although available only in Geant4, this approach enables us to
perform dose calculation for the detailed CSG lung airways with a minimal addition of
memory usage.
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Table 3. Length of the branches for each airway generation and their deviation from
the reference value.

Reference Left lung (cm) Right lung (cm)
branch
Generation length (cm) Male (% diff.) Female (% diff.) Male (% diff.) Female (% diff.)

2 3.00 2.74 (8.8) 3.09 (9.9) 2.92(2.7) 3.00 (6.6)

3 3.32 3.62 (9.2) 3.39(9.1) 3.65(9.8) 3.40 (9.7)

4 7.20 7.42 (3.1) 6.67 (1.9) 7.09 (1.5) 7.13 (4.8)

5 12.96 13.38 (3.3) 12.37 (1.7) 12.98 (0.2) 12.94 (6.4)

6 21.12 21.26 (0.7) 21.21 (6.5) 22.44 (6.2) 20.18 (1.3)

7 38.40 38.74 (0.9) 37.36 (2.0) 40.33 (5.0) 37.48 (2.4)

8 67.84 66.80 (1.5) 64.19 (1.9) 66.57 (1.9) 67.93 (3.8)

9 111.80 111.59 (0.2) 111.10 (3.2) 109.92 (1.7) 104.42 (3.0)

10 185.34 185.51 (0.1) 180.64 (1.5) 190.74 (2.9) 178.94 (0.5)

11 308.12 303.41 (1.5) 289.58 (1.9) 314.97 (2.2) 288.78 (2.2)

12 512.00 512.71 (0.1) 487.58 (0.3) 520.68 (1.7) 491.57 (0.5)

13 847.46 834.54 (1.5) 793.37 (1.6) 825.46 (2.6) 794.28 (1.5)

14 1392.64 1373.73 (1.4)  1327.02 (0.6) 1398.72 (0.4)  1281.03 (2.9)

15 2260.99 2232.82(1.2) 2094.01 (1.6) 2236.80 (1.1) 213543 (0.4)
Table 4. The target region of respiratory tract model of the mesh-type ICRP reference
phantoms and ICRP-66 stylized models.

Male Female
Depth of
target cell Mass (¢) Ratio Mass (¢) Ratio

Target region  (um) Mesh (A) ICRP-66 (B) (A/B) Mesh (A) ICRP-66 (B) (A/B)

ET,; 40-50 281 x 1072 2.00x 1072 1.41  1.09 x 10> 1.73 x 1072 0.63

ET, 40-50 9.77 x 1072 450 x 107! 022 722 x 1072 3.89 x 10~' 0.19

BB basal 35-50 383 x 107! 432x10°! 089 3.03x10°! 389 x10°! 0.78

BB secretory 1040 753 x 107" 8.65x 107! 0.87 6.00 x 107" 7.77 x 10°' 0.77

bb secretory 4-12 1.69 1.95 0.87 149 1.74 0.86

Monoenergetic primary electrons were uniformly generated in the source regions of the
TM phantoms using a sampling method based on the barycentric coordinate system of the
tetrahedrons (Rocchini ef al 2000). The electron sources of the CSG airway models were
modeled by using the rejection method. The Al electron sources were also modeled using
the rejection method but with a binary search tree (BST) algorithm to reduce computation
time. For the stylized models, the corresponding electron sources were modeled using the
G4ParticleGun class. The deposited energy to the target regions was calculated using the
G4PSEnergyDeposit class. The deposited energy was then divided by the energy of the pri-
mary electrons to calculate the absorbed fraction (AF), which is then divided by the target
mass to obtain the SAF value.

The primary electron energies ranging from 0.15 MeV to 4.0 MeV were considered in the
SAF calculation for the alimentary tract organs. The energies less than 0.15 MeV were not
considered due to the fact that these low-energy electrons do not reach the target regions for
most exposure cases and therefore secondary photons from the electrons only contribute to
the energy deposition to the target regions, which is almost negligible. For the respiratory tract
organs, the primary electron energies ranging from 0.01 MeV to 4.0 MeV were preferentially

2141



Phys. Med. Biol. 62 (2017) 2132 H S Kim et al

considered, but different lowest energies were considered for different exposure cases on
which the negligible energy regions depend.

The number of primary electrons varied from 10° to 10° depending on the geometries and
energies to keep the relative errors under 5%. The physics library of the G4 EmLivermorePhysics,
including EPDL97 (Cullen et al 1997), EEDL (Perkins et al 1991), and EADL (Perkins et al
1997), was used. A secondary range cut value of 1 um was applied to both photons and elec-
trons considering the micron scales of thin target layers. In the present study, a user limit of a
maximum step length to electrons was not used, considering that in a previous study we found
that the dose values were not changed within statistical uncertainty even though the user limit
of the maximum step length to electrons was set as 0.4 ym, which is 20 times smaller than the
thinnest target layer (=8 pm at bb regions). The simulations were performed on a single core
of the AMD Opteron'"'6176 (@ 2.3 GHz and 256 GB memory).

3. Results and discussion

In the present study, the electron SAF values for the alimentary and respiratory tract systems
were calculated with the mesh-type phantoms including the thin target and source regions,
and the calculated values were compared with those of the ICRP-100 and ICRP-66 stylized
models in order to investigate dose differences caused by the different topology and dimen-
sion of the alimentary and respiratory tract systems between the mesh phantoms and the styl-
ized models. In addition, the SAF values were also compared to those published in ICRP
Publication 133 (ICRP 2016).

3.1. Electron SAFs for alimentary tract organs

Figure 6 shows the calculated electron SAF values of the mesh phantoms to the oral mucosa,
along with the values calculated with the ICRP-100 stylized phantom. For the food as source,
the calculated SAF values for both the male and female mesh phantoms showed good agree-
ment with those of the ICRP-100 stylized models: the maximum differences were 11.9% at
3.0 MeV and 18.3% at 4.0 MeV for the male and female, respectively.

For radionuclides retained on the surface of teeth, larger differences were observed: the
maximum differences were 24.1% at 1.0 MeV and 56.7% at 0.8 MeV for the male and female,
respectively. These relatively large differences are due mainly to the geometrical difference
of the oral cavity between the mesh phantoms and the ICRP-100 stylized models. This dis-
crepancy is, however, relatively unimportant in practice because radionuclides retained on the
surface of teeth is ignored in most cases. The radionuclide retention is considered only when
specific information on retention is available (ICRP 2006). Furthermore, the dose to the oral
mucosa has been assigned a small tissue weighting factor (wr), being classified as remainder
tissue (ICRP 2007) and its contribution to the effective dose is therefore small.

Similarly, figure 7 shows the electron SAF values to the oesophagus for two source cases:
fast and slow. The fast case is that radionuclides are uniformly distributed in the content. The
slow case is that radionuclides are retained on the lumen surface of the oesophagus. It can be
seen that the SAFs do not show significant differences between the mesh phantoms and the
ICRP-100 stylized phantom. For the ‘fast’ case, and electron energies higher than 0.3 MeV,
the SAF values for both male and female phantoms showed good agreement with those of
the ICRP-100 stylized models: the maximum differences were only 5.9 and 7.4% at 0.5 MeV
for the male and female, respectively. For the low energies (<0.3 MeV), the differences were
slightly larger: the maximum differences were 21.9 and 31.0% at 0.15 MeV for the male and

2142



Phys. Med. Biol. 62 (2017) 2132 H S Kim et al

SAF (Oral mucosa <« Food) SAF (Oral mucosa <« Teeth)
107 : 10" T
% %
w107 E o 107 F B
< <
[2] (2]
—a— Mesh-AM (Geant4) 4— Mesh-AM (Geant4)
—v— Mesh-AF (Geant4)| ] —v— Mesh-AF (Geant4)
—— Stylized (Geant4) —&— Stylized (Geant4)
“ = ICRP-133 = ICRP-133
10* L 10° L
10" 10° 10' 10" 10° 10'
Electron energy (MeV) Electron energy (MeV)
Figure 6. Specific absorbed fractions (SAFs) to the oral mucosa for electron exposures
within mesh-type male phantom (filled black upward triangles), mesh-type female
phantom (filled black downward triangles), ICRP-100 stylized model (unfilled red
squares with cross), and ICRP-133 values (unfilled blue squares).
SAF (Oesophagus <« Content, fast) SAF (Oesophagus <« Surface, slow)
—4— Mesh-AM (Geant4)
- v— Mesh-AF (Geant4)
10% | E . - 4— Stylized-AM (Geant4),
o R N —+— Stylized-AF (Geant4) | ]
f 4 ICRP-133-AM
_ _ 7 - ICRP-133-AF
° ° |4
w w
5) B —4— Mesh-AM (Geant4) <</':;
107 —v— Mesh-AF (Geantd) 3
—4— Stylized-AM (Geant4)
< Stylized-AF (Geant4)
4 ICRP-133-AM
v ICRP-133-AF
10* L 10° L
10" 10° 10' 10" 10° 10'
Electron energy (MeV) Electron energy (MeV)

Figure 7. Specific absorbed fractions (SAFs) to the oesophagus for electron exposures
within mesh-type male phantom (filled black upward triangles), mesh-type female
phantom (filled black downward triangles), ICRP-100 stylized male model (unfilled red
upward triangles with cross), ICRP-100 stylized female model (unfilled red downward
triangles with cross), ICRP-133 male values (unfilled blue upward triangles), and
ICRP-133 female values (unfilled blue downward triangles).

female, respectively. For the ‘slow’ case, the trend of the results was similar to that of the ‘fast’
case. For the energies greater than 0.3 MeV, the differences were all less than 7.9%, and for
energies <0.3 MeV, the differences were higher than 10%, the maximum being 31.2% at 0.15
MeV for the female.

These slightly larger differences at low energies are due mainly to the difference in material
composition between the mesh phantoms and the ICRP-100 stylized models. Note that the
contents in the ICRP-100 phantoms are assumed to be water, while the mesh phantoms use the
composition of the gastrointestinal contents given in the ICRP-89 reference data (ICRP 2002).
For the low-energy electrons with a very short range, the dose to the target region is mainly
contributed from the secondary photons, not from the short-range primary electrons, in which
case, the material composition of the contents plays an important role.

Figure 8 shows the electron SAFs to the stomach for contents and mucosa as sources. It
can be seen that, for the entire energy range, the SAF values of the mesh phantoms are smaller
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Figure 8. Specific absorbed fractions (SAFs) to the stomach for electron exposures
within mesh-type male phantom (filled black upward triangles), mesh-type female
phantom (filled black downward triangles), ICRP-100 stylized model (unfilled red
squares with cross), and ICRP-133 values (unfilled blue squares).

than those of the ICRP-100 stylized phantom for both sources. The maximum differences
were 34 and 55% for the contents and mucosal region, respectively. The smaller SAF values
for the mesh phantoms are due mainly to the fact that their target masses are larger than those
of the stylized phantom (see table 2). Note that for SAF calculation, the absorbed fraction
(AF) is divided by the target mass and, therefore, the SAF value tends to be inversely propor-
tional to the target mass. The difference in the target mass between the mesh phantoms and
the stylized phantom is mainly caused by the difference in the lumenal dimension, more spe-
cifically the lumenal surface area determining the target mass. The lumens of the mesh phan-
toms, which are the result of the direct conversion from the voxel-type ICRP-110 reference
phantoms, have a realistic shape and the lumenal volumes also match the ICRP-89 reference
values (ICRP 2002). Note that the ICRP-89 reference values of the contents (=250cm?® and
230cm?® for male and female, respectively) were derived by estimating the average contents
over a 24h period (ICRP 2002), which we believe is reasonable for SAF calculation. For the
stylized phantom, on the other hand, the lumen has a simple spherical shape and the lumenal
volume was arbitrarily assumed to be 175cm?, i.e. without clear explanation or ground, which
is not in accordance with the ICRP-89 reference values.

Figure 9 shows the SAFs to the small intestine for small intestine contents, mucosa, and
villi as sources. In this case, the SAF values of the mesh phantoms were greater than those of
the ICRP-100 stylized models for all of the source cases. For the retentions inside the mucosa
and villi, the maximum differences were as large as ~1.8 and ~1.7 times, respectively; these
differences are again due mainly to the difference of the target masses between the mesh
phantoms and the stylized models due to the different lumen dimensions. As shown in table 2,
the target masses of the mesh phantoms are smaller than those of the stylized models. For the
contents as source, the differences in the SAF values were more significant than for the case of
retention in mucosa and villi: the maximum difference was as large as ~2.9 times at 0.5 MeV,
for the female. The SAF differences for the contents as source are caused by the differences
in both target mass and content size between the mesh phantoms and the stylized models. In
general, for larger contents, more of emitted electron energy is absorbed in the contents (i.e.
self-absorption), and thus the AF value tends to be smaller. As shown in table 1, the con-
tent masses of the mesh phantoms match the ICRP-89 reference values of the small-intestine
contents, whereas those of the stylized models do not, but are significantly larger than the
reference values. Note that these SAF differences of the small intestine do not significantly
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Figure 9. Specific absorbed fractions (SAFs) to the small intestine for electron
exposures within mesh-type male phantom (filled black upward triangles), mesh-type
female phantom (filled black downward triangles), ICRP-100 stylized male model
(unfilled red upward triangles with cross), ICRP-100 stylized female model (unfilled
red downward triangles with cross), ICRP-133 male values (unfilled blue upward
triangles), and ICRP-133 female values (unfilled blue downward triangles).

affect effective dose calculation because the small intestine, classified as remainder in ICRP
Publication 103 (ICRP 2007), is not considered to be very sensitive to radiation.

Figure 10 shows the SAF results for the large intestine, which is divided into three parts:
right colon, left colon, and rectosigmoid. Similar to the small-intestine case, the SAF val-
ues of the mesh phantoms were greater than those of the ICRP-100 stylized models, but the
differences were more significant. For the retention in mucosal tissue, the maximum differ-
ences were as large as ~2.9, ~4.1, and ~2.4 times for the right colon, left colon and rectosig-
moid, respectively. These differences are once again due mainly to the difference of the target
masses between the mesh phantoms and stylized models (see table 2). For the contents as
source, the differences were again more significant than those for the mucosa as source: the
maximum differences were as large as ~6.2, ~9.2, and 3.4 times for the right colon, left colon,
and rectosigmoid, respectively. These more significant differences are again caused by the
differences in both the target mass and the content volume. Note that the content masses of
the mesh phantoms are matched to the ICRP-89 reference values but that those of the stylized
models are not, being significantly larger than the reference values (see table 1).

Figures 6-10 also show the new SAF values recently published in ICRP Publication 133
(ICRP 2016). The ICRP-133 SAF values were calculated by using the ICRP-100 stylized
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Figure 10. Specific absorbed fractions (SAFs) to the large intestine for electron
exposures within mesh-type male phantom (filled black upward triangles), mesh-type
female phantom (filled black downward triangles), ICRP-100 stylized male model
(unfilled red upward triangles with cross), ICRP-100 stylized female model (unfilled
red downward triangles with cross), ICRP-133 male values (unfilled blue upward
triangles), and ICRP-133 female values (unfilled blue downward triangles).

models with one exception, which is the small intestine model. The ICRP-100 small intes-
tine model is a single tubular structure, whereas the ICRP-133 model is a hexagonal array
of tubular structures to allow for wall segment cross-fire. It can be seen that the ICRP-133
SAF values were generally in good agreement with those calculated by using the ICRP-100
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Figure 11. Specific absorbed fractions (SAFs) to the ET region for electron exposures
within mesh-type male phantom (filled black upward triangles), mesh-type female
phantom (filled black downward triangles), ICRP-66 stylized male model (unfilled red
upward triangles with cross), ICRP-66 stylized female model (unfilled red downward
triangles with cross), ICRP-133 male values (unfilled blue upward triangles), and
ICRP-133 female values (unfilled blue downward triangles).

stylized models in the present study. Even though the ICRP-133 SAF values for the small
intestine were calculated with the revised stylized models (ICRP 2016), the revision did not
significantly affect SAF values in general. For some cases, however, relatively large discrep-
ancies can be seen especially in low-energy electrons, which, we believe, are mainly due to the
different electron physics models between MCNPX (ver. 2.6) used in ICRP Publication 133
(ICRP 2016) and Geant4 used in the present study.

3.2. Electron SAFs for respiratory tract organs

Figure 11 shows the SAFs to the ET regions for the three source regions: surface (distributed
on the inner surface of the airway), bound (material chemically bound in the airway wall),
and sequestered (particles sequestered by macrophages in the lamina propria). It can be seen
that for the ET; region, the SAFs of the mesh phantoms were different from those of the styl-
ized models; the maximum differences were as large as about 1.7 and 2.1 times for the male
and female, respectively. For the ET, region, the differences in SAFs were more significant
than those for the ET; region; the maximum differences were as large as about 6.2, 5.9, and
5.8 times for three source cases (i.e. surface, bound, and sequestered), respectively. These
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Figure 12. Specific absorbed fractions (SAFs) to the BBy, target region for electron
exposures within mesh-type male phantom (filled black upward triangles), mesh-type
female phantom (filled black downward triangles), ICRP-66 stylized male model
(unfilled red upward triangles with cross), ICRP-66 stylized female model (unfilled red
downward triangles with cross), ICRP-133 male values (unfilled blue upward triangles),
and ICRP-133 female values (unfilled blue downward triangles).

differences in SAF values for the ET regions are again due mainly to the differences of the
target masses between the mesh phantoms and the stylized models (see table 4), which are due
to the different shapes and dimensions (i.e. inner surface areas) between the ET models of the
mesh phantoms and the stylized models. Considering that the ET models of the mesh phan-
toms maintain the ET shape of the ICRP-110 phantoms, we believe that the mesh phantoms
provide more reliable dose values than the stylized models. Moreover, considering that the
SAFs of the mesh phantoms for the ET, region were greater than those of the stylized models,
the mesh phantoms always provide more conservative SAF values for the ET region. Note that
the SAF differences in the ET| region, having a very small assigned fraction (=0.001) of the
tissue weighting factor (ICRP 1994), do not significantly affect equivalent dose values for the
ET region. Overall, we expect that the SAF differences for the ET region will not significantly
affect effective dose calculations, considering that the ET is one of the remainder tissues
(ICRP 2007) and that the clearance rate from ET), to alimentary tract is very fast (=100 dh
(ICRP 1994).

Figure 12 shows the SAF results for the BBy, (basal cells) region as target and four source
cases: surface, bound, sequestered, and Al. Note that the SAF values for the surface as a
source are weighted averages of those for the original fast (gel) and slow (sol) regions as
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Figure 13. Specific absorbed fractions (SAFs) to the BB, target region for electron
exposures within mesh-type male phantom (filled black upward triangles), mesh-type
female phantom (filled black downward triangles), ICRP-66 stylized male model
(unfilled red upward triangles with cross), ICRP-66 stylized female model (unfilled red
downward triangles with cross), ICRP-133 male values (unfilled blue upward triangles),
and ICRP-133 female values (unfilled blue downward triangles).

sources following the revised respiratory tract model (ICRP 2015, 2016). It can be seen that
the differences in SAFs between the mesh phantoms and the stylized models were not signifi-
cant for all source cases except for the Al: the differences for most cases were less than ~20
and ~30% for the male and female, respectively. These slight differences are again due mainly
to the differences in the target masses. For the Al, on the other hand, there were significant
differences; the maximum differences were as large as about 3.0 times and 3.4 times for the
male and female, respectively. These significant differences are mainly due to the differences
in the AT density between the mesh phantoms, i.e. the ICRP-110 phantoms (~0.4 g cm~—>) and
the stylized models (0.2 g cm ). However, these SAF differences for the Al source would not
significantly affect dose calculations, considering that the magnitude of the SAF values for
the Al source is significantly smaller than that for the other source cases in general. Figure 13
also shows the SAF results for the BB (secretory cells) region as target with observations
similar to those for the BBy, region.

Figure 14 shows the SAF results for the bbs. (secretory cells) region as target. Except for
the Al source region where significant SAF differences were found due to the different Al
densities, it can be seen that an overall trend is similar for all source regions. For the energies
(<0.5 MeV), the SAF values of the mesh phantoms show good agreement with those of the
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Figure 14. Specific absorbed fractions (SAFs) to the bbs.. target region as a target
for electron exposures within mesh-type male phantom (filled black upward triangles),
mesh-type female phantom (filled black downward triangles), ICRP-66 stylized male
model (unfilled red upward triangles with cross), ICRP-66 stylized female model
(unfilled red downward triangles with cross), ICRP-133 male values (unfilled blue
upward triangles), and ICRP-133 female values (unfilled blue downward triangles).

stylized models; that is, the maximum differences were only 14% and 18% for the male and
female, respectively. For the higher energies, on the other hand, significant differences can be
found; the maximum differences were 77% and 74% for the male and female, respectively.
These significant differences are due mainly to the different amount of dose contribution from
cross irradiations of remote airways between the mesh phantoms and the stylized models.
We believe that the mesh phantoms, with the realistic airways, provide more reliable dose
values for the cross irradiations than the single-cylindrical-shape stylized models which can-
not explicitly represent the cross-irradiation contributions. Although, for the stylized models,
the surrogate calculated values of AF(bb < AI) were already added to consider the cross-
irradiation contribution in the calculation following the approach of the ICRP Publication 66
(ICRP 1994), it is shown that this approach is not sufficient for the high energies, consider-
ing that the stylized-model-calculated SAF values for the surface, sequestered, and bound as
sources were significantly smaller than the mesh-phantom-calculated SAF values.

Figures 11-14 also show the ICRP-133 SAF values calculated by using the ICRP-66
stylized models. It can be also seen that the ICRP-133 SAF values were generally in good
agreement with those calculated by using the ICRP-66 stylized models in the present study.
For some cases, relatively large discrepancies can be also seen especially in the low-energy
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electrons, again due mainly to the different electron physics models between EGSnrc (ver.
V4-2-3-0) used in ICRP Publication 133 (ICRP 2016) and Geant4 used in the present study,
with the only exception of the BBg... In the present study, we found that the ICRP-133 SAF
values for the BB, were duplicated with those for the BBy, for all source cases.

4. Conclusion

The ICRP has recently formed a Task Group under Committee 2 to convert the voxel-type
ICRP reference phantoms to a high-quality mesh format in order to address the limitations of
the voxel-type ICRP reference phantoms due to the limited voxel resolutions. As a part of the
conversion project, in the present study, the thin target and source regions of the alimentary
and respiratory tract organs were defined in the mesh-type ICRP reference phantoms currently
under development. In addition, realistic airway models were produced to represent the BB
and bb regions in the mesh phantoms. In order to investigate the dosimetric impact of this
work, the electron SAF values for the alimentary and respiratory tract organs were calculated
within the developed mesh phantoms and compared with those of the ICRP-100 and ICRP-66
stylized models. The results show that there is generally good agreement in SAF values for the
oral cavity, oesophagus, and BB whereas for the stomach, small intestine, large intestine, ET,
and bb, there are large differences mainly due to the different topology and dimensions of the
mesh-type phantoms and stylized models. Considering that the mesh phantoms preserve the
topology and dimensions of the alimentary and respiratory tract organs of the current ICRP
reference phantoms, faithfully following the ICRP-89 reference data and also provide more
realistic anatomy than the stylized models, it is believed that the new mesh phantoms provide
more reliable SAF values than the stylized models.
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